smoke. Its reactive metabolite induces DNA-adducts, which can cause mutations. We investigated whether B[a]P diol epoxide (BPDE) DNA adducts are detectable in preimplantation embryos in relation to parental smoking. A total of 17 couples were classified by their smoking habits: (i) both partners smoke; (ii) wife nonsmoker, husband smokes; and (iii) both partners were non-smokers. Their 27 embryos were exposed to an anti-BPDE monoclonal antibody that recognizes BPDE-DNA adducts. Immunostaining was assessed in each embryo and an intensity score was calculated for embryos in each smoking group. The proportion of blastomeres which stained was higher for embryos of smokers than for non-smokers (0.723 versus 0.310). The mean intensity score was also higher for embryos of smokers (1.40 ⍨ 0.28) than for non-smokers (0.38 ⍨ 0.14; P ⍧ 0.015), but was similar for both types of smoking couples. The mean intensity score was positively correlated with the number of cigarettes smoked by fathers (P ⍧ 0.02). Increased mean immunostaining in embryos from smokers, relative to non-smokers, indicates a relationship with parental smoking. The similar levels of immunostaining in embryos from both types of smoking couples suggest that transmission of modified DNA is mainly through spermatozoa. We confirmed paternal transmission of modified DNA by detection of DNA adducts in spermatozoa of a smoker father and his embryo.
Introduction
Cigarette smoking has deleterious effects on reproduction (Harrison et al., 1990; Pattinson et al., 1991; Zenzes, 1995; Van Voorhis et al., 1997) , but the mechanism producing these effects is still unclear. Polycyclic aromatic hydrocarbons (PAH) are a group of widespread environmental pollutants produced by combustion of fuels and other substances (International Agency for Research on Cancer, 1986) . Benzo [a] pyrene (B[a]P) is one of the most extensively studied PAH. It is found in the air, water and soil, and occurs also in cigarette smoke in amounts of 5-200 ng per cigarette. B[a]P is highly mutagenic and carcinogenic. Its carcinogenic metabolite, 7β,8α-dihydroxy-9α,10α-epoxy-7,8,10-tetrahydro-benzo[a]pyrene (BPDE-I), is a diol epoxide derivative of B[a]P. This very reactive metabolite binds predominantly to the 2-amino group of DNA guanosine and forms adducts, designated BPDE-IdG-DNA (Jeffrey et al., 1977) . This is a major DNA adduct produced when cells are exposed to B[a]P. There is evidence for a direct aetiological link between BPDE-DNA adducts and a lung cancer gene (p53) mutational spots (Dennisenko et al., 1996; Perera, 1997) .
BPDE-DNA adducts have been detected by immunocytochemistry in human placenta (Manchester et al., 1988) , cervix, ovary, and lung (Shamsudin and Gan, 1988) , and oral mucosa cells (Hsu et al., 1997) of smoking individuals. In ovarian tissue of smokers, BPDE immunoreactivity was reported in oocytes, luteal cells, and stromal arteries of post-mortem ovaries (Shamsudin and Gan, 1988) , and in granulosa-lutein cells of women in assisted reproduction .
BPDE-DNA adducts have been detected in spontaneously aborted fetal tissues (liver and lung; Hatch et al., 1990) , confirming that human fetuses are targets for DNA damage, but there is no information on human embryos. The availability of spare embryos from assisted reproduction now offers this possibility. In-vitro fertilization (IVF) may be useful for tracing maternal and/or paternal gametic transmission of modified DNA to early preimplantation embryos. The aim of the present study was to analyse whether BPDE-DNA adducts are detectable in human preimplantation embryos in relation to parental smoking habits.
Materials and methods

Subjects
A total of 17 couples (with 27 spare embryos) from our IVF and embryo transfer programme participated. Each patient signed a consent form approved by the Committee for Research in Human Subjects of The Toronto Hospital, Canada. Couples were classified by their smoking habits into three groups: (i) both wife and husband smoked (n ϭ 5, with eight embryos at the 3-7-cell stage); (ii) only husband smoked (n ϭ 6, with 12 embryos, eight at the 3-8-cell stage, and four fragmented); and (iii) neither wife or husband smoked (n ϭ 6, with seven embryos, six at the 3-8-cell stage, and one fragmented). Couples where only the wife smoked were few (10% in our IVF programme) and embryos from this type of couple were not available for this study.
IVF and embryo transfer
For ovarian stimulation patients had gonadotrophin suppression by gonadotrophin-releasing hormone (GnRH) agonist (Lupron, Abbott, Montreal, Canada): 1 mg administered s.c. daily in a long protocol with a luteal phase start. The final stage of follicular maturation was initiated by injection of 10 000 IU human chorionic gonadotrophin (HCG, Profasi; Serono). Follicles were monitored by ultrasound (Bruel & Kjaar, Naerum, Denmark) and were aspirated 36 h after HCG administration using transvaginal guidance and local anaesthesia. Sperm preparation, oocyte insemination in vitro, and embryo transfer were carried out using conventional procedures (Gonen et al., 1990) .
Cotinine assessments
Cotinine is used as a reliable marker for recent cigarette smoke exposure and dose (Benowitz et al., 1983) . Follicular fluid (FF) and seminal plasma (SP) samples were stored at -20°C. After thawing, samples were centrifuged at 800 g, and the supernatants were assessed for cotinine concentrations by radioimmunoassay using the method of Langone et al. (1973) . Briefly, we used isogel Tris buffer, tritiated cotinine rabbit antiserum, and goat anti-rabbit g-globulin to separate the antibody-bound cotinine. Concentrations of cotinine were expressed as ng/ml. The sensitivity of the assay (lowest detectable value) was 0.25 ng/ml.
Exposure of bovine embryos to B[a]P
Bovine embryos (n ϭ 60) from IVF at the 4-cell stage were exposed to serial concentrations (15 embryos each at 0, 1, 5 and 10 µg/ml) of B[a]P (Sigma, St Louis, MO, USA), for 24 h at 38°C in an atmosphere of 95% humidity and 5% CO 2 . Then, the embryos (a majority at 8-cell stage) were washed twice in culture medium (TCM 199; Gibco, Burlington, Ontario, Canada) .
Preparation of embryos and spermatozoa for immunocytochemistry
The zona pellucida around each human and bovine embryo was removed by incubation in pronase (Boehringer Mannheim, Mannheim, Germany), 0.5% in phosphate-buffered saline (PBS) at 37°C, for 1-3 min under microscopic observation. Human and bovine embryos were left to recuperate in the incubator for 20 min, in human tubal fluid medium (HTF; Irvine Scientific, Santa Ana, CA, USA) and TCM-199 respectively. Embryos were washed twice in PBS and fixed in methanol at -20°C for 3 min, followed by acetone at -20°C for 10 s; embryos were immediately put on slides and air-dried. The preparations were then permeabilized with 0.1% of Triton X100 (Sigma), and incubated overnight at 4°C with #5D11 monoclonal antibody (from Dr Regina Santella, Columbia University, New York, USA; 1:50). This antibody recognizes BPDE-I-DNA adducts and also cross-reacts with diolepoxide-DNA adducts of other PAH (Santella et al., 1970 (Santella et al., , 1984 . To detect the bound antibody, a biotinylated secondary antibody (1:200; Vector Laboratories, Burlingame, CA, USA) and streptavidin-conjugated peroxidase (1:200) complex were used. The peroxidase reaction was developed with 3,3Ј diaminobenzidine (Sigma). As a negative control, an extra embryo was treated with mouse serum (1:50; Sigma) instead of the primary antibody.
Spermatozoa
The sperm pellets were washed once and prepared by swim-up in HTF containing 0.5% human serum albumin (Miles Inc, Elkhart, IN, 126 USA). The motile spermatozoa in the upper layer were then centrifuged at 800 g, washed in PBS, and fixed in methanol/acetic acid (3:1). Sperm cells were put on slides and air-dried. Sperm cells were then decondensed using SSC (0.3 M NaCl, 30 mM sodium citrate) twice for 5 min, followed by treatment with 2.5 mM dithiothreitol (Sigma) in 1 M Tris-HCl, and by two washes in sodium chloride/ sodium citrate (SSC). Sperm cell preparations were then washed in PBS, dehydrated in serial concentrations of ethanol (from 70 to 100%) and air-dried. The preparations were immunostained with peroxidase as for human and bovine embryos. For negative controls one preparation was treated with DNAse (100 µg/ml; Pharmacia LKB Biotech, Piscataway, NJ, USA) for 1 h at 37°C prior to the method; another preparation was treated with mouse serum (1:500) instead of primary antibody.
Microscopic evaluations of immunostaining
Presence, distribution and intensity of cell immunostaining was determined by careful microscopic evaluations. These were done by two different observers without knowledge of the smoking status. Immunostaining intensity was scored as negative (0), weak (1), moderate (2) or strong (3) in a total of 155 cells (blastomeres) from 45 bovine embryos, 112 cells (blastomeres) from 22 human embryos and five fragmented human embryos, and in 200 sperm cells. The staining intensity of each embryo, using the stained blastomeres, was calculated. For couples with multiple embryos, a mean staining intensity of their embryos was calculated. The proportion of blastomeres that stained (with any intensity) was calculated for the embryos of each couple. An intensity score (IS; e.g. the sum of products of proportions of blastomeres having a given rating times that rating) was calculated for each embryo of each couple (excluding the five fragmented embryos), and for each sperm sample.
Statistical analysis
All P values are two-tailed. We used logarithms (base 10) of cotinine values for statistical calculations because of the extreme non-normality of its distribution . The 4.5 version of StatView (Abacus Concepts, Berkeley, CA, USA) for the Power Macintosh was used for performing statistical calculations. Comparisons between smoking groups, for staining intensity, IS values, and FF cotinine values, were done by analysis of variance (ANOVA). Linear regression and correlation were done to test relationships between variables, and the χ 2 contingency test was used for comparing proportions.
Results
The mean age (ϮSE) of women was 33.6 Ϯ 4.7 years and the range was 27-43 years; age did not differ among the three groups. The smoking women smoked 5-20 (mean 13.0 Ϯ 3.0) cigarettes per day (c/d) and smoking men smoked 10-20 (16.8 Ϯ 1.5) c/d. Table I summarizes data on the couples by smoking status, smoking level, mean cotinine values in FF samples, mean embryo staining IS, and proportion of staining blastomeres.
FF cotinine
Correlation of log 10 FF cotinine values with number of cigarettes smoked per day was significant both for women (R ϭ 0.76, P ϭ 0.0004) and for their husbands (R ϭ 0.65; P ϭ 0.005). The mean FF cotinine concentrations in women from couples where both partners smoked, in women of couples where only the husband smoked, and in women from The SϫS and NϫS groups did not differ, but together these groups differed significantly from the NϫN group (P ϭ 0.015). c Any staining intensity (1 or 2 or 3) was considered as 'stained' here. The proportion (stained/total) of blastomeres staining did not differ between the SϫS and NϫS groups but together these groups were significantly different in proportion from the NϫN group (P ϭ 0.0001).
couples where neither partner smoked were all significantly different (P Ͻ 0.0001). Pairwise comparisons using Fisher's protected least significant difference (Snedecor and Cochran, 1980) showed higher values when both partners smoked than when only the husband smoked (P ϭ 0.0003) or when neither smoked (P ϭ 0.0001). The values were not significantly different when couples in which only the husband smoked were compared with non-smokers (P ϭ 0.07).
Bovine embryos
Suitability of our method for detecting BPDE-DNA adducts was determined in bovine embryos. Regression of immunostaining intensity on B[a]P dose in 155 blastomeres of 45 bovine embryos (the 10 µg/ml dose was cytotoxic) revealed a significant and reliable dose-related increase in intensity with increasing concentrations of B[a]P (P ϭ 0.0087).
Human embryos Embryos
A total of 22 embryos had three to eight blastomeres, some embryos with a few cytoplasmic fragments. Five embryos (four from couples where the husbands smoked and one from a non-smoking couple) were very fragmented. Immunostaining was visualized in the nuclei; in some embryos it was also visualized in the cytoplasm. This is shown in Figure 1 . This figure depicts four embryos in 4-8-cell stages; two of them ( Figures 1A and 1D) show also cytoplasmic fragments. Removal of the zona pellucida sometimes produced artefacts in the embryos, for example the separated blastomeres in the embryo of Figure 1A , or the overlapping of blastomeres in the embryos of Figures 1B and 1D . In very fragmented embryos, where blastomeres were not distinguishable, staining was visualized within the cytoplasmic fragments (not shown).
The mean intensity score (IS) for all 22 embryos (five fragmented not included) was 1.00 Ϯ 0.22. The mean IS for embryos of smoking couples of either type (1.40 Ϯ 0.28) was higher (P ϭ 0.015) than for embryos of non-smokers (0.38 Ϯ 0.14). The mean IS for embryos of couples where both partners smoked (1.34 Ϯ 0.30), and for embryos where only the father smoked (1.48 Ϯ 0.55) were similar (see Table I ). The IS was positively correlated with number of cigarettes smoked by the husbands (P ϭ 0.02), but not with the number of cigarettes 127 smoked by the wives. The correlation between IS and FF cotinine was not significant.
All 20 embryos from smoking couples, where either both members smoked or only husbands smoked, had a positive staining reaction; in contrast, two of the seven embryos from non-smokers were negative. The mean IS of embryos for all smoking couples was 1.78 Ϯ 0.20; for all non-smoking couples it was 0.80 Ϯ 0.22. These values were significantly different (P ϭ 0.007).
In Figure 1 , representative micrographs of embryos from the three types of couples, and a negative control, are shown. In the embryo of Figure 1A , both members of the couple smoked (10 cigarettes each per day; the woman's FF cotinine concentration was 44.3 ng/ml). In Figure 1B , only the husband smoked (15-20 cigarettes per day; the woman's FF cotinine concentration was 144.2 ng/ml; a passive smoker, . In Figure 1C , both partners were non-smokers (the woman's FF cotinine value was 1.33 ng/ml). The embryo in Figure 1D was a sibling of the embryo in Figure 1C and represented the negative control treated with mouse serum instead of primary antibody. As shown in Figure 1 , the IS of the embryos from smoker parents ( Figures 1A and 1B) was stronger than that in the embryo of non-smoker parents ( Figure 1C ).
Blastomeres
In some of the stained embryos (of any intensity) not all blastomeres were stained, as shown in the embryo of Figures  1A and 1B . The mean proportion of blastomeres which stained in the 22 embryos (five fragmented excluded) was 0.60 Ϯ 0.08. The overall proportion of stained blastomeres (total no. staining blastomeres)/(total no. blastomeres) was higher in embryos of smoking couples of either type (60/83 ϭ 0.72) than in embryos of non-smoking couples (nine out of 29 ϭ 0.31) (Fisher's exact 2ϫ2 test, P ϭ 0.0001). The same comparison in embryos of couples where both members smoked compared with those where only the husband smoked was not significant (33/40 ϭ 0.83 versus 27/43 ϭ 0.63; P ϭ 0.053), see Table I .
Spermatozoa
In sperm cells the immunostaining intensity ranged from negative to strong (0 to 3) both in a smoker father (of the embryo of Figure 1B ) and in a non-smoker father, but many more cells from this smoker father had strong or moderate scores. In this smoker father, 19% were scored as 3, 40% were 2, 37% were 1 and 4% were 0; the mean IS based on 100 cells was 1.74; his seminal plasma (SP) cotinine value was 369.6 ng/ml. In the non-smoker father, 0% were 3, 2% were 2, 25% were 1 and 73% were 0; the mean IS (100 cells) was 0.29; his SP cotinine value was 0.95 ng/ml. The difference in score distributions between the smoking and non-smoking fathers was significant (2ϫ4 contingency χ 2 ; P Ͻ 0.0001).
In Figure 2 , representative micrographs of sperm cells from this smoker father ( Figure 2A ) and this non-smoker father ( Figure 2B ) clearly showed a greater intensity of immunostaining in the spermatozoa from the smoker. Figure 2C was the negative control.
Discussion
This is the first report on the detection of BPDE-DNA adducts in human preimplantation embryos. Furthermore, we also showed a relationship between parental smoking and these adducts. Using three measures of immunostaining intensity, we showed that embryos of smoking couples have, on average, higher levels of reactivity to the monoclonal antibody than do embryos of non-smoking couples. There was a 3.6-fold increase for the mean score of immunostaining intensity. These results indicate that parental smoking, through gametic transmission of modified DNA to the embryo, results in detectable BPDE-DNA adducts in the embryo. Our approach using immunoperoxidase for monitoring exposure to environmental pollutants in cigarette smoke is therefore useful when relatively small numbers of cells are available (Hsu et al., 1997; , as in the present study. The similar proportions of staining blastomeres and the similar mean intensity scores of immunostaining, in embryos where both parents smoke, compared to those where only the father smokes, suggests that the contribution of modified DNA to the embryo is mainly through the spermatozoa. Data on embryos from couples of smoker mothers with non-smoker fathers could provide further confirmation, but were not available. We provided, however, direct evidence for sperm contribution of modified DNA to the embryo through detection of BPDE-DNA adducts in spermatozoa from one such father. A greater contribution of modified DNA by the father than the mother was expected because of the much larger number (about six times) of cell divisions (when a cell is most susceptible to mutagens) between zygote and spermatozoa than between zygote and oocyte (Vogel and Motulsky, 1986; Crow, 1993; Lessells, 1997) . Unlike oocytes, spermatid cells have minimal DNA repair capacity; once their chromatin has condensed they do not repair DNA damage, thus increasing the risk of heritable mutations (Bentley and Working, 1988; Wyrobek, 1993) . There is some evidence suggesting that heavy paternal smoking may increase the risk of childhood cancer in offspring (Ames et al., 1994; Ji et al., 1997) .
There is evidence of pre-zygotic damage from smoking on human gametic cells. A study on chromosome status in 286 oocytes from women in IVF therapy found increased proportions (P Ͻ 0.01) of diploid oocytes (with 46 chromosomes instead of the normal 23) in smokers compared to non-smokers, with a significant (P ϭ 0.0003) dose-effect. The increased rates of diploid oocytes, which result from non-extrusion of first polar body, suggests that smoking disturbs the equilibrium of microtubules (i.e. assembly-disassembly of tubulin) in the meiotic spindle, leading to digynic oocytes. We also found in this study that the proportion of oocytes which were mature (in metaphase II and, therefore, suitable for cytogenetic analysis) was significantly higher (P ϭ 0.0003) in smokers than in non-smokers . Furthermore, in a recent study which analysed 2020 oocytes for maturity status in relation to FF cotinine concentrations (Zenzes et al., 1997) , we found that, after correcting for age, the proportion of mature oocytes increased significantly (P ϭ 0.002) with increasing concentrations of FF cotinine. The similar results of the two different studies suggest that smoking selects out oocytes of poor quality from the pool of retrieved oocytes, resulting in increased proportions of mature oocytes in smokers. This effect of smoking on the quality of oocytes was further detected in embryos also in relation to FF cotinine . In this analysis of 1094 embryos graded for quality (e.g. grades 1 to 4), mean values of FF cotinine were positively correlated, and in a dosedependent manner, with better embryo quality (grades 1 and 2). The proportion of low-quality embryos (grades 3, 4) decreased significantly (P Ͻ 0.01) with increasing concentrations of cotinine. This significant trend in the proportion of good-quality embryos, however, may not increase the number of successful pregnancies. It is known that women who smoke have an increased risk for spontaneous abortions (Zenzes, 1995) .
The fact that smoking is associated with high steroid hormone concentrations (James, 1997) , may explain an increased probability of multiple births found in smoking mothers. Yerushalmy (1965) and Olsen et al. (1988) reported significantly increased multiple births in smoking mothers. The latter authors reported a significant correlation (P Ͻ 0.01) between the amount of smoking and dizygotic (DZ) twinning, but not monozygotic twinning. Thus, the oestrogen concentration is claimed to be a variable in a causal chain linking smoking with DZ twinning. This relationship may have repercussions for other several diseases partially caused by hormonal concentrations (James, 1997) .
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Studies on smoking effects on sperm quality found reduced concentrations (13-17%) and increased proportions of abnormal cells with increased concentrations of seminal plasma (SP) cotinine (Pacifici et al., 1993; Vine, 1996; Vine et al., 1993) . A trend for higher proportions of spermatozoa with chromosomal aneuploidy or DNA fragmentation (Wyrobek et al., 1995; Sun et al., 1997) was detected in smokers. Increased levels of a major form of oxidative DNA damage, 8-hydroxydeoxyguanosine (8-OHdG), a lesion of guanine, were reported in spermatozoa of smokers of 20 cigarettes a day, compared with non-smokers (Fraga et al., 1991 (Fraga et al., , 1996 , and in dose-related association with the concentrations of cotinine in seminal plasma (Shen et al., 1997) . Also, increased amounts of BPDE-DNA adducts were detected in the spermatozoa of smokers in dose-related association with concentrations of cotinine in seminal plasma . Spermatozoa containing DNA lesions may still reach and fertilize the ovum (Sun et al., 1997) . The reproductive outcome will depend upon the capacity of the fertilized egg to repair tobacco-induced lesions in the spermatozoa (Genescá et al., 1982) .
There was considerable variation in immunostaining intensity scores among the embryos from the same smoking group of couples. This variation may be due to different environmental exposures to B[a]P of the parents of these embryos and/or to differences in metabolism. Previous studies demonstrated that post-implantation mouse embryos showed genetic differences in metabolism of B[a]P in vitro, detected by sister chromatid exchange; there were also differences in DNA repair capacity or other genetic differences (Galloway et al., 1980; Perera, 1997) .
In the present study, unstained blastomeres visualized in some stained embryos may represent anucleated blastomeres; these occur in human embryos from IVF . Also, these may be the result of corrective repair of pre-zygotic DNA damage (Genescá et al., 1982) and may represent inter-and intra-individual variations in repair capacity. It has been estimated that~50-80% of BPDE-DNA adducts are removed within 24 h following exposure (Oesch et al., 1987) , but there are significant interindividual differences in the ability to repair this damage. Some individuals seem to have complete inability to repair this adduct (Oesch et al., 1987; Dickey et al., 1997) .
The appreciable high mean IS of embryos from couples where neither partner smokes,~28% of the score for the two groups of smoking couples, is noteworthy. This is much higher than the similar comparison for FF cotinine concentrations (Ͻ1%; see Table I ). A similar finding comes from a study of BPDE-DNA adducts in ovarian granulosa-lutein cells: the intensity score of such cells from non-smoking women was found to be 32% of the score from smoking women, while the comparable ratio for FF cotinine values was 1.1% . These great differences are likely to be due to the different half-lives of B[a]P and cotinine. While the halflife of cotinine is~20 h (Benowitz et al., 1983) , in B[a]P it was estimated to be~10 weeks (Mooney et al., 1995) . The relatively high levels of staining of BPDE-DNA adducts in the embryos of non-smokers probably results from a longer, cumulative exposure of parental gametes to B[a]P. A positive reaction is also shown in the spermatozoa of a non-smoker, albeit at significantly lower levels than in the spermatozoa of a smoker. BPDE-DNA adducts are postulated to be a result of both recent and long-term exposure to active and passive smoking, as well as to other sources of PAH in the ambient air and food (Perera, 1997) . Unspecific immunostaining in embryos and sperm cells of non-smokers can also be a contributing factor. The relatively high levels in these embryos of non-smoker parents, in the sperm cells of the non-smoker father, and in ovarian granulosa-lutein cells of non-smoking women , also indicates the great environmental contribution of B[a]P. This finding is also supported by a previous study on fetal tissues of spontaneous abortions; adducts were found irrespective of parental smoking (Hatch et al., 1990) .
The major finding of this study is the demonstration that parental smoking results in BPDE-DNA adducts in preimplantation embryos. We further provide evidence for a greater paternal than maternal contribution to these embryonal adducts. If these pre-zygotic DNA lesions in the embryos are not repaired, they may be an important cause of the deleterious effects of tobacco smoking on reproduction, including delayed conception and increased rates of abortion in women (Harrison et al., 1990; Pattison et al., 1991; Zenzes, 1995; Van Voorhis et al., 1997) .
